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Abstract

Electrostatic probe measurements, H Q line
broadening, and gas pressure and gas flow measure-
ments are discussed with regard to the Brookhaven
National Laboratory H* ion source. Probe measure-
ments imply the plasma density and electron temp-
erature for certain source conditions. Line broad-
ening experiments indicate an atom temperature of
several tenths of an eV. The importance of fine
structure splitting in analyzing Che line profiles
is discussed and the H_ line ia studied in detail.
The determination of tne fast neutral particle en-
ergy is discussed. Gas flow measurements Indicate
near molecular flow for the operating ion source
pressure without a discharge. In the presence of ,
a discharge, calculations assert that the gas flow,j
pressure and density will change during the dis- i
charge. Preliminary experiments also indicate a
possible decrease in the gas flow during the dis-
charge.

I. Introduction

In order to obtain a clearer understanding of
how the surface plasma H~ sources operate a pro-
gram of ion source diagnostics has been started.
Electrostatic double probe measurements. * opti-
cal emission spectroscopy,1 " and gas flow mea-
surements,1' ' will be discussed in this paper.
Unique problems, due to the nature of the surface
plasma ion source, are associated with these diag-
nostics. For example, in the case of plasma den-
sity distribution measurements the small dimen-
sions of the discharge cavity imply the need for
a very small electrostatic probe which can be
moved in small steps of known size. Line profile
measurements are difficult to measure and interpret
due to the very small line broadening which takes
place and the short time and low repetition rate
of the ion source pulse. The gas flow measure-
ments in the absence of a discharge do not appear
to be difficult, though pressure gauge calibra-
tions and reproducing ion source flow conditions
for a particular H output require considerable
care. Recent evidence >9 suggests that the gas
flow may be reduced during the discharge. How-
ever, the quantitative study of the gas flow in the
presence of a discharge appears to be a difficult
task.'

II, Probe Measurements

Except for the gas flow studies, all the
diagnostic studies have used the 1 ampere magne-
tron source. A schematic of the magnetron dis-
charge chamber is shown in Figure 1. The anode-
cathode gap spacing is I mm and an expansion
chamber of about an additional 2 mm is located
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in the source between the front of the extraction
cover and the cathode. A uniform magnetic field
of abouc 1 kilogauss (perpendicular co cne plane
of Fig. 1) is needed to obtain a discharge.
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Because of che strong magnetic field needed
to operate the ion source the electron saturation
current could not be clearly Interpreted with
existing probe theory. The ion saturation current,
however, is much less affected by the magnetic
field strength and so this was used to estimate the
plasma density and electron temperature and to
determine the plasma density profile. Because of
the expected high plasma densities, a double probe
or floating probe system was used. Figure 2 shows
a schematic of the type of probe used.
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The probe voltage was sweot during a 0.8 ms
interval over a range of up to -110 to +110 V
and the beginning of the sweep could be varied
with respect to the start of the arc discharge.
Figure 3 shows a typical probe characteristic. The
probe tip is 0.76 am from the cathoda and the
probe wires are 0.3 cm long and 0.2 mm in diam-
ater. Figure 4 shows the variation of plasma den-
sity and electron temperature as a function of
probe position for an arc current of 25 amperes.

When the probe tip is 0,5 mm from the cathode
the probe signal begins to fall rapidly as the
probe gets closer to the cathode. It is assumed
that this is the location of the cathode sheath,
Chough this position appears to be independent of
the arc current.

At high enough cesium concentrations, so that
the arc voltage is about 150 volts, two changes
occur in the probe characteristics. First, small
bumps or discontinuities appear near the V = 0
region of the characteristic. This is an inter-
mittent effect and is believed due to cesium
lodging on the probe surface. The second effect
occurs when the probe is in the dense plasma re-
gion. Here the characteristic decreases when the
probe voltage exceeds ±50 volts. This is be-
lieved due to the pulling of the cathode sheath
toward the probe. At higher arc voltages, the
maximum probe voltage Is far enough from the arc
voltage so that this effect is not noticeable.

The reproducibllity of the plasma density and
temperature values, among different probes, is
only somewhat better than a factor of two. It is
not clear why such a large variation exists in the
measurements.

III. Spectroaeopic Measurements

Hydrogen Balmer line profiles have been mea-
sured for high current (150 amp) and low current
(20 amp) discharges. Because of the steep den-
sity gradient and the narrow Line widths, the in-
terpretation of these measurements is somewhat

Fig. 3

Typical double probe characteristic during magne-
tron discharge.

complex,
measured
voltage of 150 voles.

Figure 5 shows the profile of an H line
measured during a. 150 ampere discharge and an arc
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0.40 angstroms. Because of the finite lifecime or
exciced states and finite temperatures, atoms will
not radiate at the same point where they are ax-
cited* A hydrogen atom excited to the n • 3 state
will move an average distance of about 0.2 am be-
fore undergoing an H, transition, whereas this
distance is about 1 am for an Hq transition. The
assumed thermal energy is 0.25 eV. This is shown
in Fig. 6. Therefore, the H,, profile re-
flects more accurately the effect of Stark broad-
ening at the higher electron density regions which
occupy a smaller spatial region. Because of the
steep density gradient one might expect a consid-
erable difference in the Stark broadening of the
H and H 3 lines, than with a homogeneous plasma.
IF is also noted chat at a plasma density of
I x 101* en*3, the full half-width of the H Q Stark
broadened line is only 0.004 X. Thus, an accurate
measurement of the peak plasma density value would
be difficult using Stark broadening even at cath-
ode current densities of 10 amp/cm »

On the other hand, Soppier broadening of the
H line should be easier to detect than for other
Balmer lines. This is true because it is general-
ly the strongest H-Balmer line and because Dop-
pler broadening being proportional to wave length,
will be greatest for HQ.
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Table I summarizes the different broadening
effects. The instrumental broadening is only ap-

TABLE I

Analysis of Line Profile Half-Widths

Broadening Mechanism Assumed Analytic Form
Half-Widths (A)

I »150 AI «20 A

Instrumental

Doppler

Stark

Measured Ha If-Width

Width of each fin« structure
component needed to form
profile of measured balf-vidth
with instrumental profile not
folded out.

Lorent2ian

Gaussian

Lorentzian

Lorentzian

Gaussian

0.09

0.25

5 4 x 10'3

0.35

0.25

0.30

O.U

0.30

& 4 x 10'2

0.40

0.31

0.36

Estimated Thermal Atom Energy (ev)
(Neglecting Stark broadening)

0.25 0.36



oroximately Lorentzian. Stark broadening will be
neglected so that the atom temperature range may
ba too high in the 150 ampere discharge profile.
For the 20 amp discharge this approximation is
justified within the limits of the measuring ac-
curacy. Assuming only a single thermal population
of atoms, the resultant^ profile will be approxi-
mately a Voigt profile.1 However, the fine struc-
ture (f.s.) of the Sa Use complicates the analysis.
In Figure 7 the three largest H components are
shown (Stark components are neglected). Each com-
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measured H a profile would over state thebroaden-
ing effects. Figure 3 shows the relationship be-
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tween the full half-width or che measured compos-
ite profile and the full half-width of a fine
structure component. Indicated in cha figure ara
the two limits of che Voigt profile, Lorentz and
Doppler profiles. The value of the full half-width
of the f.s, components, which truly reflects the
line broadening, lies within these limits.

These thermal temperatures can be used to
calculate the flux of neutrals reaching the cathode
with a particular energy, for example, for a
thermal energy of 0.4 eV, in a 150 amp dis-
charge, neglecting negative particle emission, with
an atom density of 1 x 1010 atoms/cm3, 2 eV atoms
will reach the cathode with a flux comparable to
the proton flux.11

The presence of a fast component of neutrals
is difficult to detect due to instrumental broad-
ening (plus any Stark broadening). For example,
it is observed that at 0.8 A from the profile
' peak, on the red wing of the H Q line, the ampli-
tude is about 0.02 (while the peak amplitude is
1.0) for the ISO amp discharge. Assuming the limit
of Lorentz broadening," ont obtains an amplitude of
0.05 at O.S X from the profile peak and a value of
4 x 10 for Doppler broadening. Thus, the mea-
sured value of 0.02 could be due to the instru-
mental broadening function (and Stark broadening).
Experiments are now in progress to try to reduce
the instrumental broadening in order to gain more
insight into the broadening mechanisms.

IV. Gaa Flow

Measurement of gas flow through the ion
source In the absence of a discharge has been
carried out using various methods. One of the
simplest methods utilizes quasi-dc flow through
the ion source. Gas pulse lengths of 1 second or
longer are obtained_by usinga vacuum regulator in
"series with a solenoid valve. A plate with two
hundred holes in it is placed in the vacuum system
between the ion source and diffusion pump. This
acts as an orifice of conductance equal to
2.3 x 103 Us for molecular hydrogen. Using a
multi-hole orifice allows molecular flow through
the plate for a vacuum chamber operating pressure
of 10*3 Torr. Two Schmidt gauges are mounted on
either side of the orifice plate so that the pres-
sure drop, Ap can be measured across it.

Knowing the dimension of the holes in the
orifice plate one can calculate the conductance,
C, through each hole assuming molecular flow. Then
when a steady pressure is reached inside the vac-
uum box the flow, Q, is given by

Q • S C 4p, (1)

where N is the number of holes in the orifice
plate.

Measuring the pressure inside the ion source
implies the source conductance since Q is known.
This was carried out for a small Penning source,



using a 1 cm by 0.1 cm slit. The calibration of
the ion gauges and transducer is not complete but
preliminary results imply some deviation from
molecular flow for a Penning source with a pres-
sure of 200 aS. Other types of measurements in
the absence of a discharge1 for both magnetron and
Penning sources indicate a deviation from molec-
ular flow of' che order of 207.. The operating pres-
sure in the magnetron source for hydrogen is about
0.4 Torr,"while for the Penning source appears co
be somewhat smaller, about 0.3 Torr. The sources
of uncertainty in these measurements have been the
gauge calibration errors and matching the gas flow
to that which occurs during .the actual source oper-
ation.

In the presence of a discharge the features
of the gas flow can change.7 Consider the case
in which a steady net flow of gas enters the dis-
charge chamber. Then one can show for molecular
flow out of the source, that the flow rate will
reach, within a characteristic time, a steady-
state value, equal to the flow of gas into the dis-
charge chamber. During this characteristic tran-
sient time the pressure increases while the number
density decreases.. In what follows it is assumed
that the gas flow into the discharge region is
not changed during the discharge.

In the case of only molecular hydrogen one
has after a transient period, 1/S

(2)

(3)

where S, F, and T are the density, pressure and
temperature and Che subscript o refers to molec-
ular hydrogen during the discharge. The absence
of a subscript refers to molecular hydro,c.i with
no discharge occurring.

Also,
1/2

where K is Claussing's factor, A, is the aperture
area, V is the discharge volume, and M o is the
molecular mass.

When the dissociation is important the total
pressure during the discharge, ?t> is given by

(5)

where the subscript 1 refers to atomic" hydrogen
and c0 and l-cQ are the fractions of molecular and
atomic hydrogen present. If P, P and TQ> T, and T
can be measured, then c can be found and toe per-

centage of atomic hydrogen in the discharge deter-
mined.

Equations (2, 3, and 5) are valid for cathode
current densities low enough so that the gas flow
into the ion source is unaffected by che discharge.
A more general case can be considered in which the
gas flowing into the discharge region is not steady
and comes from a fixed volume of che source.
(This is essentially a simplified case considered
in Ref. 7, in which a steady gas flew, F., first
enters a cavity. Here Ft • 0 and the cavity is a
fixed volume of gas.) Assuming molecular flow
into and out of the discharge region, the gas den-
sity in the discharge region, N_, is given as:

#•? [v.--J Sc SD (6)

where S is defined by Eq. (4) and the subscripts
D, c, and cD refer to flow out of che discharge
region into a high vacuum region, flow from the
fixed volume into a high vacuum region, and flow
from the discharge region into the fixed volume,
respectively. The solution to Eq. (6) is

exp(q+t) (7)

where

«*
(S.+S +S

Sp(o)q.

q+ - q.

*+•*.

and F_(o) is the gas flow when no discharge occurs.
Equation (7) has not been fully Investigated with
regard to a particular ion source geometry but it
appears to imply a more rapid decay of the gas den-
sity when a discharge occurs. Therefore, the gas
flow during a discharge may be less Chan che flow
when no discharge occurs. Some preliminary experi-
ments ' indicate this effect and will be explored
further.

Conclusion

Several ion source diagnostics and the re-
sults obtained have been discussed. Electrostatic
probe measurements imply a steep density gradient
in the vicinity of the cathode and a plasma elec-
tron temperature of about 4 eV, At high cesium
concentrations the probe characteristic exhibits
discontinuities which may be due to cesium coating
the probe surface. It still remains to be seen if
quantitative probe measurements of the discharge
region can be carried out in the presence of a
high density of cesium



Spactroscopis measureaents imply a K atom
thermal energy of several tenths of an electron
vole. A more precise value can be found if the
profile can be accurately fitted to Voigt
profiles. The presence of a fast population or
neutrals may be detectable by analyzing the wings
of the line profiles. This analysis will be
simplified if the instrumental broadening can be
reduced, and, at the same time the Stark broaden-
ing is negligible (2.5., by operating at a low arc
current) or if the Stark broadening is precisely
known. It was also found that Che fine structure
splitting of the H-Balmer lines is an important
effect in analyzing the measured line profiles.
The fine structure-splitting has been included in
the analysis of the H Q line. In addition, it is
found that neutral atoms of 2 eV have a flux com-
parable to the proton flux reaching Che cathode
surface.

Gas flow and pressure measurements in the
absence of a discharge have been carried out for
the Penning and magnetron H sources. The flow
is close to molecular flow and the operating
pressure in the Penning source is near 0.3 Torr
while Chat in Che magnetron source is 0.4 torr.
Calculations using simple models of the ion source
show that in the presence of a discharge Che pres-
sure and particle densities change. In addiCion,
it is found that Che flow of gas out of the source
may be reduced during the discharge. Further study
of this phenomenon is needed. It is also noted
that some preliminary experiments 'imply this ef-
fect.
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